A Tripartite Protein Complex with the Potential to Couple Synaptic Vesicle Exocytosis to Cell Adhesion in Brain  by Butz, Stefan et al.
Cell, Vol. 94, 773±782, September 18, 1998, Copyright 1998 by Cell Press
A Tripartite Protein Complex with the Potential
to Couple Synaptic Vesicle Exocytosis
to Cell Adhesion in Brain
proteins, PSD-95 and CASK are MAGUKs composed of
N-terminal PDZ domain(s), a central SH3 domain, and a
C-terminal guanylate kinase sequence (Cho et al., 1992;
Woods and Bryant, 1993; Hata et al., 1996). In addition
to the typical MAGUK domains, CASK has an extra
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Dallas, Texas 75235 Neurexins, neuroligin, PSD-95, and CASK are present
in synapses, suggesting that the neurexin/neuroligin
junction is synaptic (Ushkaryov et al., 1992; Hunt et al.,
Summary 1996; Hsueh et al., 1998; J.-Y. Song et al., submitted).
PSD-95 and neuroligin are highly concentrated on post-
We identify a complex of three proteins in brain that synaptic densities, particularly in excitatory synapses. In
has the potential to couple synaptic vesicle exocytosis addition to neuroligins, PSD-95 binds NMDA-receptors
to neuronal cell adhesion. The three proteins are: (1) and K1 channels (Kim et al., 1995; Kornau et al., 1995).
CASK, a protein related to MAGUKs (membrane-asso- Thus, PSD-95may serve as a nucleus for the recruitment
ciated guanylate kinases); (2) Mint1, a putative vesicu- of channels and receptors to neuroligin/neurexin junc-
lar trafficking protein; and (3) Veli1, -2, and -3, verte- tions at synapses (Irie et al., 1997). Although neurexins
brate homologs of C. elegans LIN-7. CASK, Mint1, and and neuroligins are neuron-specific, CASK- and PSD-
Velis form a tight, salt-resistant complex that can be 95-related proteins are not. All cells express low levels
readily isolated. CASK, Mint1, and Velis contain PDZ of CASK (Hata et al., 1996; Cohen et al., 1998), and PSD-
domains in addition to other modules. However, no 95-like proteins are also found in epithelia (MuÈ ller et al.,
PDZ domains are involved in complex formation, leav- 1995). In addition to neurexins, CASK binds to other cell
ing them free to recruit cell adhesion molecules, re- surface proteins that are ubiquitously expressed, such
ceptors, and channels to the complex. We propose as syndecans (Cohen et al., 1998; Hsueh et al., 1998).
that the tripartite complex acts as a nucleation site for All of these interactions are probably mediated by the
the assembly of proteins involved in synaptic vesicle PDZ domain of CASK (Daniels et al., 1998). Thus, CASK-
exocytosis and synaptic junctions. and PSD-95-related proteins probably participate in
multiple functions, depending on which combinations
Introduction
of binding partners are expressed in a given cell.
Simultaneously with the discovery of CASK as a neu-
The formation of intercellular junctions requires the in-
rexin-binding protein, mutations in genes encoding
teraction of multiple membranous and cytosolic proteins
CASK homologs were characterized in D. melanogasteron both sides of the junction. Intercellular junctions are
and in C. elegans (Hoskins et al., 1996; Martin and Ollo,of particular importance in brain. Here, synapses rep-
1996). In Drosophila, CASK was identified as a potentialresent specialized intercellular junctions that transmit
CaM kinase that is essential for normal brain function.information between neurons and connect them into
In C. elegans, CASK was isolated as the product of thecommunicating networks. The most striking feature of
lin-2 gene. lin-2 belongs to a set of three genes, lin-2,synaptic junctions is their asymmetry: on the presynap-
-7, and -10, that function to localize the receptor tyrosinetic side, synapses contain a population of docked syn-
kinase LET-23 to the basolateral membrane of vulvalaptic vesicles primed for exocytotic release of neuro-
precursor cells (Kim, 1997). LIN-7 is a small protein withtransmitters. In contrast, on the postsynaptic side, they
a single C-terminal PDZ domain that binds directly tocontain high concentrations of receptors and ion chan-
the LET-23 receptor kinase (Simske et al., 1996). Thenels to respond to released neurotransmitters.
mechanisms by which LIN-2, -7, and -10 collaborate toThe principles that govern the organization of syn-
target LET-23 are unclear.apses arebeginning to be elucidated. One class of mole-
The function of PSD-95 as an adaptor protein thatcules that has been implicated are neurexins, a family
mediates the recruitment of channels and receptors toof brain-specific proteins that are expressed on the neu-
ronal cell surface in hundreds of isoforms (reviewed in synaptic neuroligin/neurexin junctions raises the ques-
Missler and SuÈ dhof, 1998). A subset of neurexins binds tion of whether CASK has a similar function on the other
to neuroligins, which are also neuronal cell-surface pro- side of the junction. To address this question, we have
teins (Ichtchenko et al., 1995, 1996). The interaction be- now searched for molecules that bind to CASK. Our
tween neurexins and neuroligins forms an asymmetric studies define a novel tripartite complex whose struc-
intercellular junction (Nguyen and SuÈ dhof, 1997). Intra- ture reveals an unexpected convergence of synaptic
cellularly, neuroligins bind to PSD-95 and related pro- biochemistry with C. elegans genetics. The tripartite
teins, while neurexins bind to CASK (Hata et al., 1996; complex is formed by the binding of Mint1 and Velis,
Irie et al., 1997). Similar to other intracellular junction vertebrate LIN-7 homologs, to CASK. These results
characterize an evolutionarily conserved protein com-
plex with the potential to couple cell adhesion (via CASK*To whom correspondence should be addressed.
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Figure 1. Immunoprecipitations of CASK and
Mint1: Analysis by SDS-PAGE and Silver
Staining
(A) Rat brain homogenates. Immunoprecipi-
tations were carried out with protein A±Sepha-
rose beads and affinity-purified CASK anti-
body (lanes 1 and 2), control antibody (lanes 3
and 4), beads alone (lanes 5 and 6), or affinity-
purified Mint1 antibody (lanes 7 and 8) with
EDTA (E) or Mg21 (M). CASK migrates as a
doublet because of alternative splicing (Hata
et al., 1996). The 65 kDa band in the Mint1
immunoprecipitates corresponds to BSA
added to the antibody for stabilization. Mo-
lecular weight standards are shown on the
left.
(B) Transfected COS cells. CASK was immu-
noprecipitated from COS cells transfected
with Mint1 alone (lanes 1 and 5), with CASK
alone (lanes 2 and 6), with both Mint1 and
CASK (lanes 3 and 7), or from COS cells sepa-
rately transfected with Mint1 and CASK and
then mixed (lanes 4 and 8). Immunoprecipita-
tions were conducted with CASK antibody in
the presence of EDTA (lanes 1±4) or Ca21
(lanes 5±8). Molecular weight standards are
shown on the left.
binding to neurexins and syndecans) to signal transduc- thought to function in synaptic vesicle exocytosis be-
causeMint1 binds to Munc18±1 (n-sec 1), and Munc18±1tion (via Veli binding to tyrosine receptor kinases analo-
gous to their function in C. elegans) and membrane is essential for exocytosis (Okamoto and SuÈdhof, 1997).
To confirm that Mint1 is indeed complexed to CASK intraffic (via Mint1 binding to Munc18±1).
brain, we immunoprecipitated Mint1. Again CASK and
Mint1 were coimmunoprecipitated (Figure 1A, lanes 7Results
and 8). As analyzed by silver staining, the ratio of CASK
to Mint1 was similar independent of which antibody wasCASK and Mint1 Form a Tight Complex
When we immunoprecipitated CASK from rat brain and used for the immunoprecipitations, suggesting a stoi-
chiometric complex.analyzed the immunoprecipitates by SDS-PAGE and sil-
ver staining, a protein of z145 kDa was quantitatively To determine if CASK and Mint1 directly bind to each
other, we transfected CASK or Mint1, alone or in combi-coprecipitated with CASK (Figure 1A, lanes 1 and 2).
Control antibodies or protein A±Sepharose beads did nation, into COS cells. CASK immunoprecipitations from
the transfected COS cells quantitatively brought downnot capture CASK or the 145 kDa protein (lanes 3±6).
Amino acid sequencing identified the 145 kDa protein Mint1 only when CASK was cotransfected with Mint1
or when CASK and Mint1 were transfected separatelyas Mint1. Mint1 is a putative vesicular trafficking protein
A Tripartite Complex of CASK, Mint1, and Velis
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Figure 2. Effect of Chaotropic and Denaturing Agents on the CASK/
Mint1 Complex
Rat brain immunoprecipitates with Mint1 or control antibody were
washed with the indicated solutions to test the stability of the CASK/
Mint1 complex. Pictures show silver-stained SDS gels, with molecu-
lar weight standards on the left (S).
and then mixed (Figure 1B, lanes 3, 4, 7, and 8). Coimmu-
noprecipitations were not observed with COS cells
transfected with CASK or Mint1 alone (lanes 1, 2, 5, and
6). We obtained similar results with Mint1 immunopre-
cipitations and ascertained the identities of Mint1 and
CASK in the immunoprecipitates by immunoblotting
(data not shown). The stoichiometric coimmunoprecipi-
Figure 3. Characterization of Velis (Vertebrate LIN-7 Homologs)tation of CASK and Mint1 suggests that they form a tight
(A) Domain structures of Velis and C. elegans LIN-7.complex. To test this, we analyzed the effects of high
(B) Sequence alignment of human Veli1, murine Velis 2 and 3, andsalt or denaturing agents on binding. The interaction
C. elegans LIN-7. Residues that are shared among the four se-
between CASK and Mint1 was resistant to salt concen- quences are shownin white ona black background.The PDZdomain
trations of up to 3 M NaCl (Figure2, lanes 1±4), indicating (residues 117 to 190 in Veli1) is depicted on a lighter background
than the sequences preceding or following it.that binding is not purely electrostatic. The complex
(C) Immunoblot analysis of Velis in rat tissues. Equivalent amountscould only be partially dissociated with 0.6 M KI or 0.5%
of protein from the indicated tissues were probed with an antibodySDS/2% Triton X-100 (lanes 5 and 6).
raised to Veli2. Immunoprecipitations and amino acid sequencing
of Velis from rat brain indicated that the various bands detected all
correspond to Velis (not shown). Molecular weight standards are
Identification of Velis, Vertebrate LIN-7 Homologs shown on the left.
In C. elegans, mutations in three genes called lin-2, lin-7,
and lin-10 result in similar mislocalizations of the LET-
23 receptor tyrosine kinase in vulval precursor cells. This 1, 2, and 3 (Figures 3A and 3B). The sequences of cDNA
suggests that the products of the lin-2, -7, and -10 genes clones encoding the three Velis revealed that they are
collaborate to target the LET-23 receptor to basolateral composed of two domains: an N-terminal domain that
membranes (Kim, 1997). Mislocalization abolishes LET- is highly homologous to the central domain of C. elegans
23 signaling in spite of normal protein levels of LET-23. LIN-7, and a C-terminal PDZ domain that is also con-
Interestingly, lin-2 is the C. elegans homolog of CASK served in C. elegans LIN-7. The N-terminal domain of
(Hoskins et al., 1996). lin-10 was originally identified as C. elegans LIN-7, however, is absent from the Veli se-
a gene without homology to known sequences (Kim and quences that we determined, raising the question of
Horvitz, 1989), but a recent reevaluation showed that it whether the sequences are full-length. To address this,
corresponds to Mint (C. W. Whitfield et al., submitted). we raised an antibody to Veli2. On immunoblots, this
Similar to CASK/LIN-2 and Mint/LIN-10, LIN-7 is a PDZ antibody reacted with multiple Veli proteins of 27±32
domain protein. The PDZ domain of LIN-7 binds to LET- kDa that were differentially distributed between tissues
23 (Simske et al., 1996). (Figure 3C). Highest levels were observed in brain. We
Since CASK and Mint1 form a complex, it is possible then tested if the Veli cDNA clones encode full-length
that an as yet unknown vertebrate LIN-7 homolog also Velis by transfecting Veli cDNAs into COS cells and ana-
participates in this complex. To determine whether ver- lyzing the size of the proteins produced by immunoblot-
tebrates express proteins related to LIN-7, we searched ting (data not shown; see also Figures 5 and 6). These
EST databanks. We identified three isoforms that we experiments revealed that the upper (32 kDa) Veli band
in the tissue immunoblots corresponds to Veli1, whereasnamed Veli1, -2, and -3 for vertebrate LIN-7 homologs
Cell
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Figure 4. Binding of CASK, Velis, and
Munc18±1 to Immobilized GST±Mint1 Fusion
Proteins
(A) Domain structures of Mints and positions
of Mint1 GST-fusion proteins. Three Mints are
known: neuronal Mints 1 and 2 and ubiquitous
Mint3. The locations of the Munc18±1-inter-
acting domain (MI domain), the CASK-inter-
acting domain (CI domain), and the PTB and
PDZ domains are indicated. The MI domain
extends from residues 226±284 and the CI
domain from residues 331±432 of Mint1.
Mint2 contains the MI domain but not the CI
domain; both MI and CI domains are absent
from Mint3.
(B) GST-pulldowns. Proteins solubilized from
the postnuclear supernatant of rat brain ho-
mogenates were bound to the indicated GST-
fusion proteins immobilized on glutathione
beads and analyzed by immunoblotting using
antibodies to CASK and Munc18±1 (top
panel) or to Velis (bottom panel). Molecular
weight standards are shown on the left.
the lower (27 kDa) band comigrates with Veli2, sug- the N-terminal domains of Mint1 (GST-Mint-1A), but
not by GST-fusions of the C-terminal domains (GST-gesting that the Veli sequences we obtained are full
length. In addition, direct amino acid sequencing and Mint1-PTBand -PDZ) (Figure 4, lanes 1, 4, and 5).Further
division of GST-Mint1-A into an N-terminal part (GST-mass fingerprinting of tryptic peptides from immunopre-
cipitated Velis confirmed that the bands recognized by Mint1-B) and a C-terminal part (GST-Mint1-C) showed
that only GST-Mint1-C, located N-terminally to the PTBthe antibody correspond to the cloned Velis (data not
shown). domain, pulls down CASK and Velis, whereas GST-
Mint1-B is ineffective (Figure 4B, lanes 2 and 3). Previous
studies demonstrated that Mint1 binds to Munc18±1 viaVelis, CASK, and Mint1 Form a Tripartite Complex
a sequence contained in GST-Mint1-A (Okamoto andWe next explored the possibility that CASK, Mint1, and
SuÈdhof, 1997). In agreement with these studies, GST-Velis form a single tripartite complex to explain the ge-
Mint1-A and -B, but not -C, captured Munc18±1 (Figurenetic interactions observed in C. elegans with their ho-
4B, lanes 1±3).mologs (Lin2, -7, and -10). First we examined if Velis
were present in theCASK and Mint1 immunoprecipitates
described above (Figures 1 and 2). In our initial experi- Definition of the CASK-Binding Sites for Mint1
and Velisments, Velis were not observed because they are rela-
tively small and were run off the gels. However, when The experiments shown in Figure 4 demonstrate that
Munc18±1 and CASK bind to separate but adjacent siteswe reanalyzed the CASK and Mint1 immunoprecipitates
by immunoblotting for Velis on high-percentage gels, on Mint1 that do not involve the PTB or PDZ domains.
Which sequences of CASK are involved in binding towe found that Velis were coimmunoprecipitated with
CASK and Mint1, suggesting they are present in a single Mint1 and Velis? To identify the CASK sequences that
participate in binding to Mint1 and Velis, we preparedcomplex (data not shown). These results were confirmed
in COS cells transfected with CASK, Mint1, and Velis. CASK GST-fusion proteins containing part or all of the
CaM kinase domain of CASK (GST±CASK-A and -B), theCOS cell transfections of only Mint1 and Velis without
CASK demonstrated that Velis and Mint1 were not coim- region between the CaM kinase domain and the PDZ
domain (GST±CASK-C), or various C-terminal domainsmunoprecipitated in the absence of CASK and probably
do not directly bind to each other (data not shown). (GST±CASK-D and -E) (Figure 5A). We then purified syn-
aptic plasma membranes (SPMs) from brain and utilizedWe then sought to define the pairwise interactions
between CASK, Mint1, and Velis. For this purpose, we them for GST-pulldown experiments with the various
CASK fusion proteins. Binding of Mint1, Velis, and neu-used GST-pulldown experiments in which a series of
Mint1 fusion proteins were employed for affinity purifica- rexins to CASK was studied by immunoblot analyses. In
order to control for the amounts of GST-fusion proteinstion of brain proteins (Figure 4). Both CASK and Velis
were brought down by GST-fusion proteins containing used in the pulldown experiments, we also probed the
A Tripartite Complex of CASK, Mint1, and Velis
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Figure 5. Localization of Binding Sites for
Mint1, Velis, and Neurexins in CASK
(A) Domain structure of CASK and location of
various CASK GST-fusion proteins used for
pulldown experiments.
(B) Binding of Mint1, neurexins, and Velis to
CASK analyzed by pulldowns with CASK
GST-fusion proteins. Proteins from synaptic
plasma membranes (SPMs, lanes 1±4), COS
cells transfected with Veli1 (lanes 5±8), or
controlCOS cells (lanes 9 and10) were bound
to immobilized GST-fusion proteins. Proteins
were analyzed by immunoblotting using anti-
bodies to Mint1 and GST (top panel), to neu-
rexins (middle panel), and to Velis (bottom
panel). Lanes 1, 5, and 9 (Total) contain the
starting materials, and lanes 2±4, 6±8, and 10,
fractions of bound proteins. Immunoblotting
signals for GST-fusion proteins in top panel
are identified by arrowheads.
blots with antibodies to GST (Figure 5B). The results A Family of MAGUKs Binds Velis
Our studies paint a picture of CASK as a modular proteinshow that CASK forms a complex with Mint1 and Velis
via interactions between the N-terminal domains of all that forms a tripartite complex with Mint1 and Velis. In
brain, this complex is linked to neurexins that participatethree proteins, but not their PDZ domains, which are
left free to interact with other proteins. in intercellular junctions by binding to neuroligins. How-
ever, neurexins and neuroligins are neuron-specific inImmunoblotting demonstrated that SPMs contain
Mint1, CASK, and Velis in addition to a- and b-neurexins vertebrates, and CASK and Mint1 are highly enriched
in neurons (Ushkaryov et al., 1992; Hata et al., 1996;(Figure 5B, lane 1). Using pulldown experiments with
the GST±CASK fusion proteins, we observed that the Okamoto and SuÈdhof, 1997). By contrast, Velis are abun-
dant in all cells and tissues, with only a moderate enrich-N-terminal CaM kinase domain of CASK selectively
binds to Mint1 (Figure 5B, lane 2). The full-length CaM ment in brain (Figure 3). These observations suggest
that Velis may be promiscuous and also couple to otherkinase domain (GST±CASK-B) is required; C-terminal
truncations of the domain (GST±CASK-A) were inactive interaction partners besides CASK.
We performed databank searches for sequences that(data not shown). Velis interacted with the domain of
CASK located between the CaM kinase domain and the resemble the Veli-binding domain of CASK and identi-
fied sequences with significant homology in the N ter-PDZ domain (lane 3), suggesting that this constitutes the
Veli-binding sequence of CASK. Neurexins were affinity mini of DLG2 and DLG3. DLG2 and DLG3 were isolated
as human homologs of Drosophila dlgA, a gene involvedpurified only with the C-terminal parts of CASK, which
include the PDZ domain (lane 4). in septate junctions (Woods and Bryant, 1993; Mazoyer
et al., 1995; Smith et al., 1996). DLG2 and DLG3 areTo examine if Velis bind directly to CASK, we per-
formed similar experiments with COS cells (Figure 5B, MAGUKs similar to DLGA, PSD-95, and CASK. They are
composed of the same domains as other MAGUKs butlanes 5±10). COS cells express endogenous Velis of
approximately 27 kDa but contain no endogenous Mint1 contain an extra N-terminal sequence that resembles
the Veli-interacting domain of CASK. Thus, CASK andor neurexins (lane 9). Transfection of Veli1 results in a
new 32 kDa band that reacts with Veli antibodies (lane DLG2/3 are similar in structure except that the N termi-
nus of CASK includes an additional CaM kinase domain7) and comigrates with the 32 kDa Veli band in SPMs
(lane 1). Endogenous Veli and transfected Veli1 bound that is absent from DLG2 and DLG3 (Figure 6A).
To explore the possibility that DLG2 and DLG3 alsoefficiently to the CASK sequence between the CaM ki-
nase and PDZ domains, indicating that Velis bind to bind to Velis, we cloned the N-terminal sequences of rat
DLG2 and DLG3 fromtotal rat brain mRNA. We producedthis sequence directly (Figure 5B, lanes 7, 8, and 10).
Complementary binding experiments with Veli GST- GST-fusion proteins of DLG2 and DLG3 for use in pull-
down experiments with transfected COS cells and brainfusion proteins confirmed these interactions and local-
ized the binding site for CASK to the N-terminal domain homogenates (Figures 6B and 6C). As described above,
COS cells express an endogenous Veli of 27 kDa, whileof Velis (data not shown).
Cell
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Figure 6. The Three MAGUKs, CASK, DLG2,
and DLG3, Share a Veli-Binding Domain
(A) Domain structures of CASK, DLG2, and
DLG3. Locations of the DLG2 and DLG3 GST-
fusion proteins are indicated below the dia-
grams.
(B) Analysis of the binding of Velis to CASK,
DLG2, and DLG3 GST-fusion proteins using
COS cells. Proteins from COS cells trans-
fected with control DNA or with a Veli1 ex-
pression vector were used for GST-pulldown
experiments followed by immunoblotting.
COS cell homogenates (lanes 1 and 2) were
incubated with immobilized GST-fusion pro-
teins from CASK, DLG2, and DLG3; bound
proteins were analyzed by immunoblotting.
Both endogenous COS-cell Veli and trans-
fected Veli1 bind equally well to CASK, DLG2,
and DLG3. Molecular weight standards are
shown on the left.
(C) Binding of Velis from brain homogenates
to CASK, DLG2, and DLG3 GST-fusion pro-
teins. Proteins in total rat brain membranes
(lane 7) were incubated with beads as de-
scribed in (B). Molecular weight standards are
shown on the left.
transfected Veli1 comigrates at 32 kDa with the brain- is supported by the exclusively postsynaptic localization
of neuroligin (J.-Y. Song et al., submitted), but dependsenriched Veli isoform (lanes 1 and 2, Figure 6B). We
incubated lysates from nontransfected COS cells or on the colocalization of CASK with the neurexin/neuroli-
gin complex in synaptic junctions. To test this directly,from COS cells transfected with Veli1 with GST-fusion
proteins containing CASK, DLG2, or DLG3 sequences. we performed subcellular fractionations of brain and
analyzed the relative distributions of CASK, neurexins,GST±CASK, ±DLG2, and ±DLG3 specifically captured
endogenous and transfected Velis, whereas control neuroligins, and synaptic vesicle markers (Figure 7). The
results show that CASK coenriches with a- and b-neu-GST-proteins did not (lanes 6 and 10). Thus, in addition
to CASK, Velis bind to DLG2 and DLG3. Similar experi- rexins and neuroligins in synaptic plasma membranes
(Figure 7, lane 6). The relative distributions of CASK,ments were performed with brain homogenates with
identical results (Figure 6C). Studies with a shorter DLG2 neurexins, and neuroligins and their degree of enrich-
ment in SPMs are very similar. Synaptic vesicle proteinsconstruct (GST±DLG2B) that contains only the N termi-
nus of DLG2 gave the same results, confirming that the (synaptotagmin and synaptophysin) are present in both
synaptic vesicles and SPMs, as would be expected fromsequence N-terminal to the PDZ domain binds Velis
(data not shown). the presence of docked vesicles on the synaptic plasma
membrane. Since CASK and neuroligin are synaptic and
both bind to neurexins, neurexins are likely present inSynaptic Localization of the Tripartite Complex
Our data show that the PDZ domain proteins CASK, a single synaptic complex with CASK and neuroligins.
Mint1, and Velis form a tight tripartite complex via non-
PDZ domain interactions. CASK is concentrated at syn- Discussion
aptic junctions (Hsueh et al., 1998), and Velis and Mint1,
as shown above, are present at considerable levels in Our results define a novel tripartite protein complex in
brain. The complex is composed of three proteins:SPMs (Figure5B). This suggests a model whereby CASK
links synaptic cell adhesion mediated by neurexins/neu- CASK, Mint1, and Velis. The CASK/Mint1/Veli complex
was found as a native complex and reconstituted fromroligins to synaptic membrane traffic performed by
Mint1 and Munc18±1 and to synaptic signal transduction recombinant proteins produced in transfected COS cells
and in bacteria. CASK, Mint1, and Veli are composedproteins recruited by Velis (see Discussion). This model
A Tripartite Complex of CASK, Mint1, and Velis
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CASK and Mint1 were originally identified in very dif-
ferent contexts. In vertebrates, CASK was discovered as
a neurexin-binding protein (Hata et al., 1996). Neurexins
form an asymmetric junction between neurons by bind-
ing to neuroligins. This junction is coated by CASK on
the neurexin side and by PSD-95 on the neuroligin side
(see model in Figure 8; reviewed in Missler and SuÈdhof,
1998). CASK and neuroligins are highly concentrated in
synapses, indicating that the neurexin/neuroligin junc-
tion and its associated proteins are synaptic (Hsueh et
al., 1998; J.-Y. Song et al., submitted). Thus, in brain,
CASK may participate in establishing or maintaining
synaptic junctions as specialized intercellular junctions.
CASK is also expressed outside of brain, whereas neu-
rexins and neuroligins are not, suggesting that in non-
neuronal cells, CASK may participate in intercellular
junctions by binding to other proteins. In invertebrates,
CASK was discovered simultaneously as a potential
neuronal CaM kinase in Drosophila and as the lin-2 gene
in C. elegans (Hoskins et al., 1996; Martin and Ollo,
1996). Mutations in these genes cause phenotypes that
support a function for CASK in intercellular junctions,
either by disrupting cell±cell signaling during develop-
ment in C. elegans or by affecting nervous system func-
tion (Drosophila).
In contrast to the functional identification of CASK,
Mints were first described (but later ruled out) as candi-
date genes for a genetic disease, Friedreich's ataxia
(Duclos et al., 1993; Duclos and Koenig, 1995). The origi-
nal work characterized partial sequences of Mint1 as
human X11 and partial sequences of Mint2 as mouse
X11 and demonstrated that they are neuron-specific.
Further cloning revealed that Mints comprise a family
of three isoforms that share C-terminal PTB and PDZ
domains but differ in their N-terminal sequences (Oka-
moto and SuÈdhof, 1997, 1998). Mint1 and Mint2 bind to
Munc18±1, a vesicle trafficking protein, suggesting that
Mints function in exocytosis. In addition, Mints bind to
b-APP via their PTB domain (Zhang et al., 1997). The
third component of the junctional complex that we char-
acterized here are Velis, vertebrate LIN-7 homologs. We
describe three distinct Velis that are composed of two
highly conserved domains (Figure 3): an N-terminal do-
main that binds to CASK, and a C-terminal PDZ domain
Figure 7. The CASK/Neurexin/Neuroligin Junction Is Highly Con- that in C. elegans LIN-7 interacts with the LET-23 recep-
centrated in Synaptic Plasma Membranes tor tyrosine kinase (Simske et al., 1996).
Brain homogenate (lane 1) was subfractionated as indicated. Frac- Recent results in C. elegans suggest that the tripartite
tions were analyzed by immunoblotting for the various proteins
complex of CASK, Mint1, and Velis is evolutionarily con-shown. Note the very high degree of enrichment of CASK, neurexins,
served (Kaech et al., 1998 [this issue of Cell]; C. W.and neuroligins with synaptic plasma membranes (arrowheads),
Whitfield et al., submitted). Mutants in C. elegans homo-whereas synaptic vesicle markers (synaptotagmin and synaptophy-
logs of CASK, Mint, and Veli (lin-2, lin-7, and lin-10) resultsin) are present both in free synaptic vesicles (open arrows) and as
docked vesicles in the synaptic plasma membranes. Complexins in similar mislocalizations of LET-23 tyrosine receptor
are soluble trafficking proteins that are excluded from membranes. kinases in epithelial cells. Our observation that CASK,
Velis, and Mint1 form a complex suggests a physical
mechanism by which lin-2, -7, and -10 collaborate to
of mosaics of domains. All three proteins contain PDZ localize receptors. The tight complex between CASK/
domains but do not bind to each other via PDZ domains. LIN-2, Mint1/LIN-10, and Velis/LIN-7 may not only target
Rather, their PDZ domains are free to recruit other pro- receptors to specific plasma membrane specializations,
teins to the complex. Unlike many other protein±protein but actually create these specializations. Thus, the tri-
interactions that are primarily electrostatic (such as PDZ partite complex may function as a protein scaffold that
domain interactions), the tripartite complex is resistant couples cell adhesion to intercellular signaling and
to high salt concentrations. It creates a stable local clus- membrane traffic in multiple cell types.
ter of PDZ domains that may serve to attract cell surface Based on our data, we propose a model for the func-
tion of the tripartite complex in synapses (Figure 8). Thereceptors and signaling molecules.
Cell
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Figure 8. Model of the Tripartite Complex of
CASK, Mint1, and Velis: Implications for Neu-
rexin/Neuroligin±Dependent Cell Adhesion
and Synapse Function
The intercellular junction formed by b-neu-
rexin and neuroligin is coated on the pre-
sumptive presynaptic side by CASK and on
the presumptive postsynaptic side by PSD-
95. CASK recruits Mint1 via its N-terminal
CaM kinase domain; Mint1 in turn binds to
the trafficking protein Munc18±1 and to cell-
surface proteins such as b-APP. CASK cap-
tures Velis via a sequence adjacent to the
CaM kinase domain; Velis in turn may interact
with receptor tyrosine kinases and other
components via their PDZ domain. Postsyn-
aptic interactions of PSD-95 with channels
and receptors are alsoindicated. Sites of tight
protein±protein interactions are marked by
double-headed arrows. The names of C. ele-
gans homologs for Mint1 (LIN-10), Veli (LIN-7),
and CASK (LIN-2) are listed. Selected do-
mains are identified: GK, guanylate kinase-
like domain; SH3, SH3 domain; PDZ, PDZ do-
main; PTB,phosphotyrosine-binding domain;
CI, CASK-interacting domain; MI, Munc18±1-
interacting domain.
N-terminal CaM kinase domain of CASK recruits Mint1. is that tight junctions are symmetric, whereas synapses
are asymmetric. This correlates well with the symmetricThe adjacent CASK domain that we identified in the
related MAGUKs DLG2 and DLG3 binds to Velis. The architecture of tight junctions and the asymmetric de-
sign of the neurexin/neuroligin junction that containsvery tight complex formed by the N-terminal domains
of CASK, Mint1, and Velis leaves the C-terminal domains PSD-95 and the tripartite complex of CASK, Mint1, and
Velis on opposite sides.of these three proteins free to bind to other components
(Figure 8). The C-terminal domains of CASK anchor the
tripartite complex to the neurexin±neuroligin junction, Experimental Procedures
to syndecans, and to the cytoskeleton in more labile
cDNA Cloninginteractions (Hata et al., 1996; Cohen et al., 1998). Ac-
Full-length clones for human Veli1 (#742834), mouse Veli2 (#391220),cording to our model (Figure 8), the tripartite complex
and Veli3 (#870825), as well as partial clones for human Veli2functions to coassemble synaptic adhesion (via neurex-
(#397625 and #859450), were identified in the EST databanks using
ins) with signal transduction (in analogy to the binding BLAST searches with the C. elegans lin-7 sequence. Clones were
of tyrosine receptor kinases to LIN-7 in C. elegans) and obtained and fully sequenced. The N-terminal domains of DLG2 and
synaptic vesicle exocytosis (via Munc18±1). This implies DLG3 from the initiator methionine to the end of the PDZ domains
werecloned from total rat brain cDNA by PCRusing oligonucleotidesa presynaptic function for CASK as an organizer protein
designed based on the human sequences. The PCR products wereanalogous to the postsynaptic function of PSD-95.
subcloned into pGEX-KG using restriction enzyme sites placed intoThe current findings in brain bear a resemblance to
the oligonucleotide sequences. All cDNA sequences have been sub-
earlier findings on intercellular junctions in epithelia.Epi- mitted to GenBank.
thelial tight junctions are formed by homophilic interac-
tions of a cell adhesion molecule calledoccludin (Tsukita
Construction and Expression of Bacterial and Eukaryotic
et al., 1997). Occludin is bound to the intracellular side Expression Vectors
by a protein called ZO1, which in turn is complexed to Expression vectors for GST-fusion proteins were constructed in
pGEX-KG (Guan and Dixon, 1991) by standard procedures (Sam-ZO2 and ZO3 (Anderson et al., 1988; Denker and Nigam,
brook etal., 1989). The following GST-fusion proteins wereproduced1998; Haskins et al., 1998). ZO1, -2, and -3 are MAGUKs
by the indicated vectors (residue numbers in parentheses): 1. CASK.that contain PDZ domains but are bound to each other
GST±CASK-A 5 pGEXCASK3±9 (1±275); GST±CASK-B 5 pGEX-via non-PDZ domain interactions. As a result, tight junc-
CASK3±13 (1±337); GST±CASK-C 5 pGEXCASK25/Sac (328±510);
tions are coated intracellularly on both sides by protein GST±CASK-D 5 pGEXCASK3±25 (328±909); GST±CASK-E 5 pGEX-
complexes that create high local concentrations of PDZ CASK3±15 (601±909). 2. Mint. GST±Mint1A 5 pGEX Mint1±5 (resi-
dues 116±432); GST±Mint1B 5 pGEX Mint1±5/SacI (116±284); GST±domains. Tight junctions serve not only to connect phys-
Mint1C 5 pGEX Mint1±5/SmaI (331±432); GST±Mint1±PTB 5 pGEXically epithelial cells, but they are also the destination
Mint1±PTB (454±620); GST±Mint1±PDZ 5 pGEX Mint1±PDZ (619±of vesicular traffic (Weber et al., 1994; Grindstaff et al.,
831). 3. Velis. GST±Veli1 5 pGEX Veli1 (1±233); GST±Veli2 5 pGEX1998). Synapses are similar to tight junctions, with a role
Veli2 (18±207). 4. DLG2 and DLG3. GST±DLG2A 5 pGEXmDLG2
for the tripartite complex and PSD-95 analogous to the (residues 1±234); GST-DLG2B 5 pGEXmDLG2N (1±149); GST-
function of ZO1/-2/-3 in tight junctions. A major differ- DLG3A 5 pGEXmDLG3 (1±235). Full-length eukaryotic expression
vectors for CASK [pCMV-Cash3(581) and pCMV-Cash3-25a] andence between tight junctions and synapses, however,
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Mint1 (pCMVMint1) were described previously (Hata et al., 1996; Miscellaneous Procedures
Subcellular fractionations were carried out as described (Jones andOkamoto and SuÈ dhof, 1997). Full-length Veli expression vectors
were constructedby cloning the BglII/NotI insert from clone#742834 Matus, 1974). SDS-PAGE, silver staining, and immunoblotting were
performed using standard procedures (Blum et al., 1987; Ushkaryovinto the same sites of pCMV6 (pCMVVeli1) or the EcoRI/HindIII insert
from clone #391220 into the same sites of pCMV5 (pCMVVeli2). et al., 1992). Protein concentrations were determined using the
Pierce BCA protein assay or a Coomassie blue±based assay kitBacterial expression of GST-fusion proteins and COS cell transfec-
tions were described previously (Okamoto and SuÈ dhof, 1997). GST- (Bio-Rad).
pulldown assays were performed with the same protein extracts,
buffers, and incubation times as the immunoprecipitations (see be- Acknowledgments
low) with 2±20 mg of GST-fusion proteins.
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